An experiment was carried out to examine the effects of L-carnitine supplementation on growth performance and cardiopulmonary function of broiler chickens reared at high altitude (2100 m above sea level). A total of 96 day-old male chicks (Cobb 500) were randomly assigned into two dietary treatments containing 0 (control group) and 200 mg/kg L-carnitine. The experimental diets were fed for a period of 42 days consisting of the starting (days 1 to 21) and growing periods (days 21 to 42). Nutrient requirements of chickens met the NRC (1994) recommendations. The results showed that dietary L-carnitine had no significant influence on body weight gain, feed intake and feed conversion ratio. L-carnitine reduced plasma concentration of malondialdehyde, packed cell volume (PCV) and abdominal fat deposition compared to the control (P < 0.05). A significant (P < 0.05) decrease was observed in the right to total ventricular weight ratio (RV:TV) in birds receiving L-carnitine when compared to the control. Supplementation of L-carnitine increased plasma nitric oxide and immune responsiveness, which manifested in an increased toe-web thickness index measured at 24 h following the injection of phytohaemagglutinin P. In conclusion, supplementation of Lcarnitine had beneficial effects on preventing lipid peroxidation and pulmonary hypertension in broiler chickens raised at high altitude.
Syndrome). PHS is triggered by hypoxia and manifests itself as accumulation of transudate in the body cavity of fast-growing broilers, which finally causes death (Khajali et al., 2011) .
The chemical name of L-carnitine is β-hydroxy-γ-N-trimethylaminobutyric acid. This compound has a critical role in the transport of long-chain fatty acids into the mitochondrial matrix for oxidation to provide cellular energy (Arslan, 2006) . Therefore, it is involved in the modulation of the cellular and intra-mitochondrial acyl-CoA:CoA ratio (Tanphaichitr and Leelahagul, 1993) . Lcarnitine has been reported to enhance myocardial function via improving fatty acid transport into the mitochondria (Ueland et al., 2013) . Besides, L-carnitine participates in scavenging reactive oxygen species (Liu et al., 2004) and immunomodulation (Buyse et al., 2007) . Erbas et al. (2007) indicated that L-carnitine could increase plasma nitric oxide (NO) in human subjects. Nitric oxide is a potent vasodilator that opposes the onset of PHS in broiler chickens subjected to hypoxia (Khajali and Wideman, 2010) .
In most countries, diets of broiler chickens are mainly composed of maize and soybean meal, which have low concentrations of carnitine with limited bioavailability (Arslan, 2006) . In the avian body, L-carnitine is synthesised from methionine and lysine in the presence of adequate amounts of iron, ascorbic acid, pyridoxine and niacin (Steiber et al., 2004) . In maize-soybean meal diets that are commonly fed to broiler chickens, methionine and lysine are the first-and second-limiting amino acids, respectively (Fernandez et al., 1994) , and ascorbic acid supplementation has been shown to be necessary although it is synthesised in the tissues of birds (Attia et al., 2011) . Therefore, beneficial effects of L-carnitine supplementation can be expected when diets with marginal levels of methionine and lysine are fed to chickens. It is also worth noting that the requirements for amino acids in broilers grown at high altitude are significantly higher than those published in feeding standards (Basoo et al., 2012) . In the present experiment, therefore, L-carnitine was supplemented to a maize-soybean meal diet of broilers exposed to hypobaric hypoxia and the effects of supplementation were studied with respect to pulmonary hypertensive and immune responses.
Materials and methods
The study was conducted in the experimental facility of Shahrekord University, Shahrekord, Iran, an area located at an altitude of 2,100 m above sea level. The partial pressure of oxygen is estimated to be 18.95 kPa. The experimental animals were kept, maintained and treated according to accepted standards for the humane treatment of animals. The Institutional Animal Care and Use Committee of Shahrekord University approved all procedures used in this study.
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A total of 96 day-old male broilers (Cobb 500) were randomised across 8 floor pens measuring 1.5 m 2 (12 birds per pen). Each pen was equipped with a bell drinker and a feed trough. Day-old chicks were allocated to pens so that all pens had equal initial body weights (455 g ± 10 g). The temperature of the experimental facility was maintained at 32 °C during week 1, and set at 25 °C for week 2, 20 °C for week 3, and 15 °C thereafter to predispose birds to ascites as previously described (Khajali et al., 2007) . Birds were subjected to 23 h of light and 1 h of dark throughout the trial. The chickens had free access to feed and water.
Maize-and soybean meal based basal diets were formulated for the starting (1 to 3 weeks of age; AME = 12.55 MJ/kg; CP = 215 g/kg) and growing (3 to 6 weeks of age; AME = 12.95 MJ/kg; CP = 195 g/kg) periods, respectively, and these served as control diets (Table 1) . Another treatment was prepared by adding a supplement of L-carnitine (Carniking ® , Lohmann Co. Ltd., Germany) at 200 mg/kg to the basal diet at the expense of washed sand. Each dietary treatment had four replicates of 12 birds each. Both experimental diets had the same level of calculated metabolisable energy and crude protein and met the requirements for amino acids advocated by the breeder for Cobb 500 chickens (Cobb-Vantress, 2003) . All diets were offered ad libitum in mash feed.
At 35 days of age, cutaneous basophil hypersensitivity response to phytohaemagglutinin P (PHA-P) was determined, as an index of a T-cell-induced delayed-type hypersensitivity reaction, according to Corrier and DeLoach (1990) . In brief, the feet of 12 birds per treatment were cleaned with 70% ethanol and the thickness of the toe web between the third and fourth digits was measured using a micrometer. One hundred microlitres of a 100 μg/mL solution of phytohaemagglutinin P (Sigma L-8754, St. Louis, MO) in sterile 0.85% saline was injected subcutaneously on the left toe web. As a control, 100 µL of 0.85% saline was injected subcutaneously on the right toe web. After 4 and 24 h, the toe webs were cleaned and measured again. The swelling reactions of the toe webs to PHA-P were calculated by the following swelling index: swelling index = [(thickness of left toe web after PHA-P injection − initial thickness of left toe web) − (thickness of right toe web after saline injection − initial thickness of right toe web)].
At 42 days of age, 10 birds per treatment were selected for blood sampling. Blood samples (3 mL) were collected by heparinised syringes from the brachial vein and centrifuged at 2,500 × g for 10 min to obtain plasma. Plasma samples were used for the determination of nitric oxide (NO) and malondialdehyde (MDA). Plasma NO (nitrate + nitrite) was measured according to Behrooj et al. (2012) . Plasma MDA concentration was determined as an index of lipid peroxidation by the TBA method (Nair and Turner, 1984) .
An aliquot of blood was collected in microhaematocrit tubes for measuring haematocrit. Blood smears were also prepared on glass slides to determine the differential leukocyte count. The smears were stained using May-Grünwald and Giemsa stains (Lucas and Jamroz, 1961) , approximately 2 to 4 h after fixation with methyl alcohol. One hundred leukocytes, including granular (heterophils) and nongranular leukocytes (lymphocytes), were counted and the heterophil to lymphocyte ratio (H:L) was calculated. All chemical reagents were obtained from Sigma-Aldrich Co. (Sigma-Aldrich Co., St. Louis, MO, USA).
At 40 days of age, ten chicks were randomly selected from each treatment and electrocardiograms (ECG) were recorded by an automatic instrument (Cardiomax FX-2111, Fukuda, Japan) while standardised at 10 mm = 1 mV with a chart speed of 50 mm/s. Lead II was recorded for every chicken, and the amplitude of the T, R and S waves were recorded.
Body weight gain, feed intake, and feed conversion ratio were obtained during the feeding trial (up to 42 days of age). At the end of trial (day 42), four birds per pen (16 birds per treatment) were euthanised for carcass processing. Data obtained at processing included hot eviscerated skinless carcass weight, skinless and boneless breast weight, spleen weight, bursa of Fabricius weight and abdominal fat weight. The hearts were also removed and the ventricles were dissected and weighed to calculate the right-to-total ventricular weight ratio (RV:TV ratio). The RV:TV is indicative of pulmonary hypertension. Right-tototal ventricular weight ratio values higher than 0.25 are considered as pulmonary hypertension (Izadinia et al., 2010; Saedi and Khajali, 2010) .
All chicks that died during the experiment were necropsied to determine the cause of death. Nevertheless, mortalities from ascites (RV:TV higher than 0.29) were only considered for statistical analysis.
The results were compared by ANOVA using SAS (1997) software in a completely randomised design. When there was sampling within pens, data were subjected to a nested design. The statistical model used for performance data was Y ij = µ + T i + e ij . For plasma (NO, MDA), blood (haematocrit, H:L), and carcass (carcass yield, breast yield, spleen percentage, bursa percentage, abdominal fat percentage, and RV:TV) data, the model was Y ijk = µ + T i + e ij + ε ijk . In these models, Y ij and Y ijk are observations; μ is the general location parameter (i.e. the mean); T i is the effect for being in treatment i; e ij is the random error; and ε ijk is the subsampling error. All physiological data (carcass, blood and plasma) were checked to have a normal distribution and log transformed if necessary. Any data requiring log transformation were back-transformed for the presentation of data. Means were separated by Duncan's multiple range test.
Results
The immune response of broilers fed different levels of L-carnitine is presented in Table 2 . Toe-web thickness index at 4 and 24 h post injection was higher in birds that received dietary L-carnitine. However, a significant difference was only observed at 24 h post injection (P < 0.05). The proportions of spleen and bursa to live body weight were not significantly different between the control and L-carnitine supplemented groups. Table 3 shows plasma and blood variables measured at the end of the experiment (day 42) in broilers receiving L-carnitine. Plasma concentration of NO was increased in birds that received L-carnitine (P < 0.05). Feeding L-carnitine at 200 mg/kg caused a significant reduction in plasma MDA. Broilers fed Lcarnitine had significantly lower PCV than did birds fed the control diet (P < 0.05). The heterophil to lymphocyte ratio was not significantly affected by dietary L-carnitine level. Table 3 Effect of dietary L-carnitine on plasma and blood variables of broiler chickens measured at 42 days of age Table 4 . Carcass and breast yields were not significantly influenced by dietary L-carnitine supplementation. Although the proportion of heart to live body weight remained unchanged, the right to total ventricular weight ratio was significantly reduced (P < 0.05) in birds receiving L-carnitine when compared to the control. A significant decline in abdominal fat deposition was also observed in birds that received L-carnitine. There was a reduction of S wave amplitude in the L-carnitine group relative to the control, though the difference was not significant (Table 5 ). No significant difference was found for R and T wave amplitudes between the treatments. As shown in Table 6 , birds fed an L-carnitine supplement had a lower rate of ascites mortality but the difference between the treatments was not significant. 
Discussion
In general, broiler performance in the present trial was relatively poor when compared to the standard of the chicken breed because of the sustained hypobaric hypoxia incurred by high altitude. Signals from hypoxia and the resulting hypoxaemia prompt the body to produce erythropoietin, which results in polycythaemia (elevated packed cell volume, PCV). Polycythaemia per se increases the viscosity of blood, which in turn augments pulmonary arterial pressure. Beker et al. (2003) evaluated the effects of graded atmospheric O 2 concentration (12, 14, 16, 18 and 20.6%) on growth performance and the development of PHS in broiler chickens. Their results indicated that birds exposed to 12, 14, 16, 18 and 20.6% O 2 concentrations weighed 138, 287, 353, 356 and 371 g at 14 days of age, respectively, with respective PCV values of 49, 42, 36, 33 and 32. Additionally, reductions in atmospheric O 2 availability effectively induced PHS in birds. In the present study, atmospheric O 2 concentration was estimated to be 16%.
The toe-web thickness index reflects the change of cellular immunity in chicken (Corrier and DeLoach, 1990) . In our study, the toe-web thickness 24 h post injection revealed significantly higher values in the L-carnitine group than in the control. This observation implies augmented cell-mediated immunity in chickens fed L-carnitine as compared to those fed the control diet, which reflects an immunomodulatory effect of L-carnitine.
Plasma NO showed an increase due to L-carnitine supplementation. In line with this finding, Erbas et al. (2007) reported that L-carnitine increased NO through reducing the activity of arginase and elevating that of NO synthase. Another study reported by Sharifi et al. (2009) indicated that L-carnitine reduced the activity of angiotensin-converting enzyme in the aorta, heart and kidney in rats, which resulted in higher NO production. It is well documented that diminished NO production has been implicated in the pathogenesis of pulmonary hypertension in humans (Shaul, 2002) . Available data suggest that the reduction of NO synthesis in the pulmonary arterioles is also associated with increased pulmonary vasomotor tone, vascular remodelling and impaired heart function in hypertensive broiler chickens (Tan et al., 2007; Khajali et al., 2014) . Enhanced NO production can justify a significant decline in RV:TV observed in birds fed Lcarnitine, and reflects an improved pulmonary hypertensive response.
Reducing the effect of MDA accounts for the antioxidative role of Lcarnitine. MDA is a marker of oxidative stress and indicates the degree of lipid peroxidation. This finding suggests the antioxidative role of L-carnitine as a scavenger of reactive oxygen species (ROS). Reactive oxygen species cause damage to cell membranes. Previous reports (Tan et al., 2008; Yousefi et al., 2013) further support this observation. Tan et al. (2008) indicated that addition of a 100 mg/kg L-carnitine supplement to the diet resulted in significantly lower plasma MDA in broiler chickens. Yousefi et al. (2013) demonstrated that plasma MDA concentration was significantly decreased by dietary supplementation of L-carnitine ranging from 50 to 150 mg/kg of diet in broiler chickens. Inhibition of ROS generation or scavenging of ROS has been shown to inhibit the hypoxiainduced proliferation in the pulmonary vasculature and, consequently, pulmonary hypertension (Springer et al., 2000) .
A significant decline in PCV was observed in chickens fed L-carnitine, which is in agreement with the findings of Geng et al. (2007) . It is not clear how L-carnitine could reduce PCV. Nevertheless, this observation can further explain the significant reduction observed in RV:TV in birds receiving L-carnitine. The ratio of heterophils to lymphocytes (H:L) is an index of stress in chicken (Khajali et al., 2008) . There was, however, no significant difference among the treatments for H:L.
There was no significant change in carcass, breast and heart yields between groups receiving the L-carnitine-supplemented diets and the control group. In harmony with our findings, in a review of the literature Arslan (2006) reported that carcass and breast yields were not significantly affected by dietary Lcarnitine supplementation. The RV:TV ratio, however, declined significantly when L-carnitine was administered. The RV:TV ratio is indicative of increased pulmonary arterial pressure. This finding elucidates the beneficial effect of Lcarnitine in improving the cardiopulmonary function of broiler chickens. The significant decline found by us in abdominal fat deposition was consistent with previous results (Rabie and Szilagyi, 1998) . Abdominal fat deposition is undesirable for processors because of waste disposal problems. From the nutritional point of view, it is also unpleasant for consumers who are increasingly concerned about the health aspects of their food. In this regard, the fat-reducing effect of Lcarnitine supplementation is an advantage in commercial broiler production. The fat-reducing effect of L-carnitine is attributed to the formation of acylcarnitines that enables the transfer of activated acyl groups into the matrix of mitochondria via the carnitine-acylcarnitine translocase located within the mitochondrial inner membrane in order to enter the β-oxidation process (Arslan, 2006) .
The electrocardiogram wave amplitudes and mortality from PHS were not affected by L-carnitine in the present study.
In conclusion, reduced PCV, plasma MDA concentration and RV:TV and increased plasma NO production in birds receiving L-carnitine may result in a lower rate of PHS mortality in birds fed L-carnitine. L-carnitine supplementation can have beneficial effects on preventing lipid peroxidation and pulmonary hypertension in broiler chickens reared at high altitude.
